Introduction
The analysis of natural microbial communities is limited by reliance on growth-dependent methods for identifying individual species at the phenotypic level. So far, two techniques for specific enumeration of bacteria have been established : selective plating and immunofluorescence (Hill & Gray, 1967; Bohlool & Schmidt, 1980; Postma et al., 1988;  Thompson et al., 1990) . Both techniques depend on the isolation of the target organisms. While selective plating techniques rely on strong phenotypic markers of the target organism, e.g. antibiotic resistance, and their ability to grow on selective media, the immunofluorescence technique needs pure cultures of the target organism in order to raise specific antibodies. However, even though selective isolation procedures do exist for many micro-organisms (Grant & Holt, 1977; Wellington et al., 1987) , most members of natural bacterial communities seem to * Author for correspondence. Abbreviations: Tritc, tetramethylrhodamine isothiocyanate; DAPI, 4',6-diamidino-2-phenylindole. remain unculturable and their identity unknown (Brock, 1987; Torsvik et al., 1990) .
Over the last decade molecular methods based on DNA or rRNA sequence analysis have reached a high level of acceptance in microbial ecology as new techniques for the specific enumeration of bacteria unbiased by the limitations of culturability (Holben et al., 1988; Fuhrman & Lee, 1989; Sayler et al., 1989) . Based on comparative sequence analysis rRNA-directed oligonucleotide probes have been designed and successfully used to detect specific organisms without prior isolation (Stahl et al., 1988; Giovannoni et al., 1990; Hahn et al., 1990a, b) , and to monitor population dynamics (Stahl et al., 1988) . Recently, the use of the polymerase chain reaction has improved the long-standing problem of limited sensitivity (Steffan & Atlas, 1988; Bej et al., 1991) . Because this technique allows one to retrieve sequence information from nonculturable members of complex communities also (Weller & Ward, 1989; Ward et al., 1990a, b ; Giovannoni et al., 1990; Amann et al., 1991) specific enumeration of these organisms has become possible.
This molecular approach to the analysis of microbial community structure can be combined with conventional The aim of this study was to investigate the applicability of in situ hybridization with fluorescently labelled rRNA-targeted oligonucleotides for the detection of specific target organisms in soil. Similar to the application of fluorescent antibodies for identification of bacteria in soil, protocols for in situ hybridization have to deal with non-specific binding of the probe to soil particles, autofluorescence of soil components, recovery of introduced bacteria and specific detection of a target organism with a large background of non-target organisms (Gray, 1990) . These criteria were examined using metabolically active cell material. Further investigations were concerned with the applicability of the optimized procedure to natural bacterial populations.
Methods
Bacterial strains. Pseudomonas cepacia (DSM 501 8 1) and Pseudomonas aeruginosa (P8, Department of Microbiology, University of Wageningen) were grown in liquid LB medium (Maniatis et al., 1982) at 30°C. Both organisms were harvested in early stationary phase. Streptomyces scabies (ATCC 23962) was grown on R5 agar plates at 30 "C (Hopwood et al., 1985) . Spore suspensions were obtained also as described by Hopwood et al. (1985) .
Oligonucleotide probes. rRN A-targeted oligonucleotide probes designed against 23s rRNA of P . cepacia (Hopfl et al., 1989 ) (PCE 54,5'-CCCATCGCATCTAACAAT), the eubacterial probe Eub338 (Stahl et al., 1989) , probe nonEub338, which is complementary to probe Eub338 and the eukaryotic probe Euk516 (Amann et al., 1990b) were synthesized with a primary amino group at the 5'-end (Aminolink 2; Applied Biosystems). The fluorescent dye tetramethylrhodamine isothiocyanate (Tritc ; Research Organics, USA) was covalently bound to the amino group, and the dye-oligonucleotide conjugate (1 : 1) was purified from unreacted components and stored at -20 "C in double distilled water at a concentration of 50 ng pl-' (Amann et al., 19906) .
The DNA-specific dye 4', 6-diamidino-2-phenylindole (DAPI) (Sigma) was stored in a 1 mg ml-I solution at -20 "C. A dilution of 1 pg ml-I was stored at 4°C and used to stain bacterial cells in in situ hybridizations non-specificaIly (Porter & Feig, 1980) . Cellfixation. Cells of pure cultures were fixed in 4% (w/v) paraformaldehyde/PBS (0.1 3 M-NaC1, 7 m-Na2HP04, 3 ~M -N~H~P O , ) , pH 7-2-7-4 (fixation buffer) for 3-1 6 h, washed once in PBS and stored in 50% (v/v) ethanol/PBS at -20 "C until further use (Amann et al.,
1990~).
In situ hybridization. For each sample, either cell suspensions or soil isolations, 1 pl and 1 0-fold-dilutions were applied to gelatin-coated slides [0-1% gelatin, 0.01% KCr(SO),),], and allowed to air-dry. Following dehydration in 50, 80 and 100% ethanol for 3 min, each of the preparations was hybridized in 5 p1 hybridization buffer (0.9 MNaCl,O.l% SDS, 20 mM-Tris/HCl, pH 7-2) and 1 p1 of probe (50 ng) at 45 "C for 1 h. After hybridization the slides were washed in hybridization buffer for 20 min at 48 "C, rinsed with distilled water and air-dried. Afterwards 1 pl of 1 pg DAPI ml-' was added to each sample, which was then covered with 5 p1 of hybridization buffer, incubated for 5 min at room temperature, rinsed with distilled water and air-dried. The preparations were examined with a Zeiss microscope fitted for epifluorescence with a high-pressure mercury bulb and filter sets for 400 and 580 nm ( # 01 and 15).
Cellextraction from soil. Air-dried, gamma-sterilized sandy loam (1 g) in sterile 10 ml Falcon tubes was inoculated with 1.3 f 0.2 x lo6 cells of P . aeruginosu in 100 pl PBS, mixed by vortexing and incubated for 1 h on ice to allow some binding of the introduced cells to soil particles. Cells were either extracted from the soil prior to cell fixation with (a) 10 ml 0.1 % sodium pyrophosphate, pH 7.2, or with (b) 10 ml 0.1 % pyrophosphate and a drop of Nonidet P-40 (Sigma), or were directly fixed in the soil sample with either 1 ml or 5 ml of fixation buffer (4% paraformaldehyde/PBS, pH 7.2-7-4) for 3-16 h. All samples were mixed on a vortex mixer for 10 s and kept on ice for 2 min to allow separation of heavy soil particles from the supernatant. The supernatants were removed and the soil pellets re-extracted with either 2 ml PBS or 2ml of fixation buffer. The combined supernatants of the pyrophosphate extractions were centrifuged at 5000g for 15 min, the supernatant discarded and the pellet resuspended in 1 ml of fixation buffer. After fixation for 3-16 h all samples were centrifuged at 8000 g for 5 min, washed with 1 ml PBS and the pellet resuspended in 1 ml 50% ethanol/PBS and stored at -20 "C. One pl of each sample as well as 1 0-fold-dilutions were used for determination by microscopy of cell recoveries after in situ hybridization.
Soil-dependent detection. Samples (1 g) of seven gamma-irradiated soils containing different amounts of organic substances and of different mineral composition (see Table 1 ) were inoculated with 1.3 0.2 x 106 cells of P . aeruginosa, mixed by vortexing and incubated for 1 h on ice to allow some binding of the introduced cells to soil particles. Cells were extracted for epifluorescence microscopy after direct fixation with 5 ml of fixation solution and washed, resuspended and stored as described above. Cell recoveries were determined by microscopy after in situ hybridization and compared with counts of c.f.u. determined after cell extraction with 0.1 % sodium pyrophosphate and incubation on LB medium for 24 h at 30 "C.
Specificity of probes in soil.
The influence of soil components on specific detection of bacteria was tested on fixed P. cepacia (DSM 50181) cells mixed with the extract of 1 g of sandy loam to which fixed cells of several reference organisms were added in densities of about los cells of each introduced reference species (see Fig. 2 ). Prior to their addition, hyphae-forming Gram-positive organisms, e.g. Streptomyces, Frankia and other actinomycetes were sonicated mildly to homogenize cell clumps and were pretreated with 0.1 % lysozyme in PBS for 15 min at room temperature. Samples of 1 p1 of the spiked extract were applied to slides and hybridized with probe PCE 54, specific for P . cepacia.
Reference organisms were visualized by DAPI staining. Naturalpopulations in soil. Untreated samples of a sandy loam, which had either been kept at 4 "C or used in a microcosm experiment at 24 "C for 2 months were fixed, hybridized with the universal probe Eub338 and stained with DAPI as described above. Additionally, soil samples (1 g) from both treatments were incubated at 30 "C for 16 h after addition of 0.2 ml LB medium prior to fixation and hybridization.
Detection of inactive cells. Pure cultures of P . aeruginosa were grown on LB agar plates at 20 "C and 30 "C, respectively, and samples were fixed after incubation for 1, 3 and 30 d.
Freshly grown cells of P . aeruginosa in 1 ml LB medium (1.4 0.2 x lo8 cells) were inoculated into 1 g of air-dried gammairradiated sandy loam in tubes, mixed and incubated on ice for 1 h to allow some binding to soil particles. The tubes were incubated at 20 "C and fixed after 0, 1,2,4 and 5 d. After 4 d, 1 ml LB medium was added to the remaining tube which was fixed after incubation for a further day. Bacteria were extracted for epifluorescence microscopy using the eubacterial probe Eub338 and DAPI staining as described above. Duplicates of the tubes were used for determination of c.f.u.
Detectwn of growing organisms. Sterile, amended sandy loam (1 %, w/v, starch, 1 %, w/v, chitin) was inoculated with about 108 spores g-' of Streptomyes scabies (ATCC 23962) and incubated at 22 "C for 5 d to allow spore germination and mycelium development (Herron & Wellington, 1990) . Growing mycelium was extracted for epifluorescence microscopy after direct-fijtation.with 5 ml of fixation solution and washed, resuspended.and stored as described above. One pl of each sample was applied to the slides and used for in situ hybridization with probe 'Eub338.
Extraction procedure
The technique of in situ hybridization with rRNAtargeted oligonucleotides labelled with a fluorescent dye (Tritc) was applicable in soil samples. Background signals due to autofluorescence of organic material present in soil could be quite intense. Non-specific binding of oligonucleotides (nonEub338, Euk5 16) was not observed. No differences in background signal intensity between hybridized and untreated samples were obtained.
The application of extraction procedures based on the isolation of bacteria prior to their fixation, or on direct fixation of bacteria in soil and subsequent isolation of the fixed bacteria, resulted in preparations in which the introduced cells could be detected easily. All preparations that contained organic material showed quite intense autofluorescence that disturbed the epifluorescence signals. The intensity of the autofluorescence was more pronounced when pyrophosphate extraction was used. Direct fixation with large amounts of fixation buffer resulted in the lowest autofluorescence.
All soil samples (sandy loam, 8% organic material) were spiked with about lo6 cells of P . aeruginosa, from which dilutions of and were applied to slides and used for microscope counts after in situ hybridization. The optimal recovery of lo3 cells p1-l was never achieved. Percentage recoveries of the introduced cells obtained by microscope counts of the larger dilution varied between 10% and 35% for the different isolation procedures. Percentage recovery increased with the number of re-extractians and the amount of buffer used, but was independent of the use of pyrophosphate or fixation buffer in the extraction procedure.
These results led to the design of an extraction procedure based on direct fixation of bacteria in a 1 g soil sample with 5ml of fixation buffer for 3-16 h. After fixation, heavy soil minerals were separated from the soil suspension by sedimentation under gravity for 2 min after a short vortex mixing. The remaining mineral pellet was re-extracted with 3 ml of fixation buffer. The combined supernatants were centrifuged at 5000 g for 10 min, the pellet washed with 1 ml PBS, resuspended in 1 ml 50% ethanol/PBS and the solution stored at -20°C. This extraction procedure was used in all further experiments.
Soil-dependent detection
Detection of P. aeruginosa cells using the eubacterial probe Eub338 labelled with Tritc was possible in all soils containing different amounts of organic material and of different soil mineral composition ( Table 1) . The influence of organic material on the detection of specific hybridization signals in soil was more pronounced than the influence of soil minerals. In soils containing large amounts of organic material (peat: over 60% organic material) the very intense autofluorescence of the organic material made detection difficult but not impossible. Autofluorescence in soils containing smaller amounts of organic material (14%) did not interfere significantly with the epifluorescence signals. Soil minerals did not disturb detection of the hybridization signals (Fig. 1) .
When DAPI was used as the fluorescent dye, strong autofluorescence of soil minerals interfered with the detection of bacterial cells. In contrast to in situ hybridization, detection of bacterial cells was possible only in soils containing low amounts of clay minerals or when large numbers of cells were present [lo9 cells (g soil)-1]. Organic substances in these soils did not interfere with DAPI fluorescence.
The percentage recovery determined by microscopy after in situ hybridization or by c.f.u. was soil-dependent, with c.f.u. counts that were always higher than micros- In situ hybridization in soil 883 cope counts after in situ hybridization (Table 1) . For in situ hybridizations percentage recoveries between 6 % (sand, 5% organic material) and 68% (clay) were obtained, whereas c.f.u. counts resulted in percentages between 31 % (sand, 5 % organic material) and 123%
(peat).
Specific detection after in situ hybridization
P . cepacia was specifically detected in in situ hybridizations with probe PCE 54 in the presence of large numbers of background organisms, as determined by DAPI staining (Fig. 2) .
Natural populations in soil
Using the methods described here, in situ hybridization with the universal probe Eub338 with untreated soil samples kept at either 4 "C or 25 "C only occasionally resulted in the detection of bacterial cells whereas DAPI treatment of the same samples showed large numbers of very small bacteria (Fig. 3a, b) . After addition of 0.2 ml LB medium and subsequent incubation at 30 "C for 16 h many bacteria could, in addition, always be detected after in situ hybridization (Fig. 3c, d) . 
Detection of growing cells
Growing cells of Streptomyces scabies were easily detected in soil after in situ hybridization (Fig. 4) . Hybridization signals with spores were not observed. Pure cultures of cells of S. scabies showed much lower permeability for oligonucleotide probes than cells grown in soil. Hybridization signals with pure cultures were obtained only when cells were pretreated with lysozyme (0.1 % lysozyme for 15 min at room temperature). This pretreatment was not necessary when S. scabies was growing in soil.
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Discussion
In situ hybridization with rRNA-targeted oligonucleotides labelled with fluorescent dyes was applicable for detection of bacteria in soil. Hybridization results were influenced by several factors, such as the extraction procedure, the environmental conditions and the metabolic state of the target organisms. Non-specific binding of the probe to soil particles was not observed. Counterstaining and blocking techniques that are used in the application of fluorescent antibodies were therefore not required (Bohlool & Schmidt, 1968) . The intensive autofluorescence of soil organic compounds, especially in soils such as peat containing large amounts of organic material, could interfere with the detection of low numbers of bacteria. Smaller amounts of organic material (up to 8% in the sandy loam) did not significantly influence the hybridization signals. The amount of organic material in the sample depended on the extraction procedure, i.e. whether cells were extracted from soil prior to their fixation or whether the cells were directly fixed in soil and then extracted. Pyrophosphate extraction of cells resulted in higher contamination with organic material than direct fixation and subsequent extraction with fixation buffer. The latter procedure kept organic material in larger particles. Autofluorescence of these particles can make the fluorescent hybridization signal of attached bacteria undetectable. In our studies with introduced bacteria autofluorescence did not result in lower cell counts; however, detection of populations growing in soil is expected to be affected much more, since their lower physiological activity will result in a lower specific hybridization signal.
Direct fixation of bacteria in soil also minimized losses of bacteria attached to soil minerals (clay, sandy clay) during a first extraction procedure. To circumvent such recovery problems only large soil particles were removed from the preparation. Optimal recovery of bacterial cells grown in soil, however, needed more rigorous procedures to break up soil clumps (Fry, 1990) .
The application of a thin soil smear to slides for in situ hybridization gives a theoretical detection limit of 102-103 cells g-l, depending on the soil and the amount of liquid needed to obtain a soil suspension. Soils containing mainly sand can be suspended in lower amounts of liquid than soils containing large amounts of clay minerals. In our experiments percentage recoveries between 6% and 68% were obtained depending on the soil. However, compared to c.f.u. counts, the recoveries determined by in situ hybridization always show lower figures. Additional studies are necessary to achieve higher recoveries.
The development of the in situ hybridization procedure in soils was performed with metabolically active cells. In nature, bacterial cells are often metabolically inactive and embedded in a matrix of polysaccharides (Roszak & Colwell, 1987) . Because the amount of rRNA is correlated with the activity of cells (DeLong et al., 1989a) it is not surprising that in situ hybridization with rRNAtargeted probes on natural populations of bacteria grown in soil did not result in significant hybridization signals.
The application of fluorescent rRNA probing is currently limited to physiologically active bacteria, i.e. those found in environments rich in nutrients such as activated sludge in which many organisms exist that cannot be easily obtained in pure culture, e.g. syntrophic organisms or bacterial endosymbionts (Amann et al., 199 1) . Apart from the activity of the target cells, reliable detection is also dependent on probe specificity. Probe specificity of oligonucleotide probes can generally be freely adjusted (Amann et al., 1990a) . However, specificity tests done on a limited number of laboratory strains do not really exclude non-specific binding to cells and soil particles, cross-hybridization to bacteria other than the target organism when applied in natural bacterial populations (Stahl et al., 1988) , or lower specificity for additional target organisms, e.g. different strains of one species (Hahn et al., 1990a) .
The approach of applying rRN A-targeted oligonucleotides in in situ hybridization in soil offers not only an alternative to serological approaches in the analysis of natural bacterial communities. The combination of DNA/rRNA extraction procedures from soil, the selective amplification of rRNA sequences and the subsequent sequence analysis of cloned amplification products show a high potential for obtaining specific probes against uncultured and unculturable micro-organisms (Giovannoni et al., 1990; Ward et al., 1990a, b; Amann et al., 1991) . These probes could be used to detect and quantify specifically these organisms after in situ hybridization. However, future developments must focus on signal amplification, either by the use of multiple probes or by other labelling strategies in order to expand the applicability of these probes to cells with low rRNA content.
